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Multiple controllable spiking patterns are achieved in a 1310 nm Vertical Cavity 
Surface Emitting Laser (VCSEL) in response to induced perturbations and for two 
different cases of polarized optical injection, namely parallel and orthogonal. 
Furthermore, reproducible spiking responses are demonstrated experimentally at 
sub-nanosecond speed resolution and with controlled number of spikes fired. This 
work opens therefore exciting research avenues for the use of VCSELs in ultrafast 
neuromorphic photonic systems for non-traditional computing applications, such as 
all-optical binary-to-spiking format conversion and spiking information encoding 
 
 
The emulation of neuronal responses for non-traditional computing forms an area of important 
research. Electronic implementation of neuron models has been studied for decades [1]. Photonic 
approaches have only recently emerged as these offer promise for ultrafast speeds, much faster 
than the millisecond time-scales of neurons [2-22]. One of these approaches considers the use of 
Semiconductor Lasers (SLs), as these devices can exhibit a variety of responses similar to those 
observed in neurons but up to 9 orders of magnitude faster, e.g. excitability [23-26], complex 
nonlinear dynamics [27-28] and different pulsating regimes at GHz frequencies (see for instance 
[29] and references therein). SLs are also discrete components permitting their integration in high 
density circuits making them ideal for future optical interconnects and processing modules [30]. 
Hence, combining neuronal concepts with photonics technologies where SLs are at the core opens 
exciting routes for ultrafast neuromorphic photonic computing systems.  
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Recent works have reported theoretically on [18-22] the use of SLs for neuro-inspired photonic 
systems. Experimental studies have also emerged [8-17]. Neuro-inspired parallel information 
applications [8] and pattern formation [9-10] have been reported with a SL subject to optical 
feedback. Nahmias et al [7] have reported a photonic spike processing unit using a fiber laser with 
a saturable absorber. Generation of excitable spikes [11-14] with different temporal durations 
reaching sub-nanosecond (sub-ns) speeds as well as self-generated periodic and aperiodic pulse 
trains at GHz frequencies (see for instance [29] and references therein) have also been reported in 
various laser structures and their use for neuro-inspired photonic components [11-14] as well as 
other applications such as optical sampling and clock-recovery [29] has been suggested. 
Amongst SLs, Vertical Cavity Surface Emitting Lasers (VCSELs) offer important advantages 
compared to in-plane devices, i.e. low costs, ease to integrate in 2D arrays, high coupling efficiency 
to optical fibres [31-32]. However, in spite of these features, it is only recently that VCSELs have 
started to attract attention for neuro-inspired photonics. Emulation of neuronal responses has been 
reported based on the polarization switching and dynamics induced in these devices under optical 
injection [15-16]. Also, firing of self-generated [33] and controllable [12] spikes has been observed 
in VCSELs and the use of these features for all-optical data storage has been proposed [17]. 
Furthermore, controllable spike firing in a VCSEL under different cases of polarized injection has 
been predicted [18].  
In this work, we demonstrate experimentally and numerically the achievement of different 
controllable and reproducible spiking patterns (e.g. single and multiple spikes and bursts of spikes) 
at sub-ns speeds with a 1300nm-VCSEL under the external injection of an optical signal with 
controlled temporal perturbations. The latter were generated by applying an external modulation 
to the injected signal thus allowing a precise control of the SHUWXUEDWLRQV¶ intensity and temporal 
length. We demonstrate that the properties of the achieved spiking responses (e.g. number of spikes 
fired and total temporal length of the generated pattern) can be controlled at will by acting on the 
characteristics of the perturbations induced in the optically-injected signal (e.g. intensity and 
temporal duration). This work provides therefore proof-of-concept demonstration of all-optical 
binary-to-spiking format conversion using a long wavelength VCSEL and able to operate at sub-
nanosecond speeds and also benefiting from very low input power requirements (~WHQVRIȝWs). 
Besides, we also report on achievement of controllable spiking regimes in a VCSEL under two 
different cases of polarized optical injection (i.e. parallel and orthogonal) offering an extra degree 
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of freedom in comparison to traditional edge-emitting semiconductor lasers. Furthermore, our 
approach uses inexpensive devices operating at the important telecom wavelength of 1300 nm and 
therefore totally compatible with optical networks technologies. These results offer therefore great 
potential for the use of VCSELs as fast and reconfigurable neuromorphic computational elements 
for non-traditional information processing paradigms. 
Fig. 1(a) shows the setup used to inject polarized light from a tuneable laser (Master Laser, ML) 
into a 1310 nm VCSEL. The VCSEL had a measured threshold current (Ith) of 0.63 mA and its 
free-running optical spectrum (plotted in Fig. 1(b)) showed emission ~1332 nm when biased with 
3mA. 7KH9&6(/¶VWHPSHUDWXUHZDVNHSWFRQVWDQt at 293 K at all times. The two peaks in the 
VSHFWUXPFRUUHVSRQGWRWKHWZRRUWKRJRQDOSRODUL]DWLRQVRIWKH9&6(/¶VIXQGDPHQWDOWUDQVYHUVH
mode. Throughout this work we refer to parallel (orthogonal) polarization to that of the 9&6(/¶V
main lasing peak (subsidiary mode). We investigate the injection of time-varying signals which 
DUHJHQHUDWHGE\PRGXODWLQJH[WHUQDOO\WKH0/¶VRXWSXWZLWKD0DFK-Zehnder (MZ) Modulator 
and a Signal Generator. Fig. 1(c) plots a typical injected signal characterized by a constant level 
(kinj) and perturbations (in the form of power drops) with controlled strength (kp), temporal duration 
(td) and repetition rate (frep). kp is defined as the ratio between the power drop and the total injection 
strength (kp =  k/kinj). A first polarization controller is included to maximize the power at the MZ 
PRGXODWRU¶VRXWSXW whilst a second one is used to set the polarization of the injected signal with 
HLWKHUSDUDOOHORURUWKRJRQDOSRODUL]DWLRQ)LQDOO\WKH9&6(/¶VUHIOHFWLYHRXWSXWLVDQDO\]Hd with 
a 12 GHz amplified photodetector and a 13 GHz real time oscilloscope and with an Optical 
Spectrum Analyzer.  
Figs. 2(a-GVKRZWLPHVHULHVOHIWDQGWHPSRUDOPDSVULJKWPHDVXUHGDWWKH9&6(/¶VRXWSXW
with the device subject to parallel (figs. 2(a) and 2(b)) and to orthogonally-polarized (figs. 2(c) 
DQGGLQMHFWLRQ)LJ¶VFDSWLRQFROOHFWVWKHYDOXHVRIWKHV\VWHPSDUDPHWHUVXVHGLQHDFKFDVH
namely bias current, IBias, injection strength, Kinj, frequency detuning, ǻIpar/ort (difference between 
the frequencies of the injected signal, finjDQGWKH9&6(/¶VSDUDOOHOfpar, or orthogonal mode, fort: 
ǻIpar/ort =  finj ± fpar/ort), SHUWXUEDWLRQ¶VVWUHQJWKkp, and temporal duration, td. The level of Kinj was 
enough to induce stable injection locking in both cases of polarized injection. In this situation, the 
arrival of a perturbation brings the system out of the locking range triggering the firing of different 
spike patterns depending on the initial conditions. These spikes are very similar to isolated spikes 
corresponding to the so-called excitable response found close to the boundary of the locking-
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unlocking transition [18][24]. However, we must note here that although our system is operated in 
an excitable regime close to the Adler-like unlocking bifurcation [24], its response to the square 
perturbations in the injection field does not pertain to the well-defined paradigm of excitability 
[24]. In particular, here by abruptly changing the injected optical power, we force the system to 
operate in the unlocked regime during a prescribed time which generates the firing of different 
spike patterns depending on the initial conditions. Besides, a delta-like perturbation would be the 
proper way to trigger an excitable orbit in the sysWHP ,Q WKLV UHVSHFW WKH µGURS-WLPH¶ RI WKH
perturbation (injected pulse) should be infinitely short. However, due to limitations in our setup 
we could not produce pulses shorter than 0.5 ns with a finite drop-time which change the injection 
to a lower constant level setting the system in the oscillatory regime.  
Specifically, the time series in figs. 2(a-d) show respectively the achievement of single spiking 
(figs. 2(a) and 2(c)) and bursting (bursts of multiple spikes) responses (figs. 2(b) and 2(d)) 
following the arrival of a perturbation and when the VCSEL is subject to parallel or orthogonally-
polarized injection [18]. The plots at the right side of figs. 2(a-d) show measured temporal maps 
[17][34] using the repetition rate (frep = 15 MHz) as folding parameter. These maps plot 
superimposed time series obtained for 100 consecutive perturbations. The colour code in the maps 
indicates an increasing intensity from blue to red; light blue/green correspond to the steady state, 
dark blue indicates drops in power below the steady state and the spikes are represented in 
red/yellow. Figs. 2(a-d) show that the same spike patterns are obtained upon the arrival of every 
perturbation illustrating the controllability and repeatability of the spiking responses. We should 
mention here that the drift in the dynamics observed in the maps of figs. 2(a-d) is simply due to a 
data representation issue and does not correspond to any experimental trend. This drift is a 
consequence of the finite number of samples captured during the interval between two consecutive 
spikes. This produces a small mismatch between the actual inter-spike interval and the folding 
time used to produce the maps. As this mismatch accumulates with increasing number of events a 
drift is produced in the maps. Moreover, a higher sampling rate was used for the single spike firing 
responses (figs. 2(a) and 2(c)) thus producing a smaller drift for this case compared to that obtained 
in the maps for the multiple spiking regimes (figs. 2(b) and 2(d)). These results also show the 
potentials of these scheme to convert rectangular signals (such as digital data signals) into trains 
of spikes. This feature opens the door for the use of VCSELs in binary-to-neuromorphic signal 
encoding elements for neuro-inspired photonic processing modules. Moreover, this system also 
5 
 
benefits from fast operation speeds (sub-ns), and low input power requirements (~tens of µW). 
Specifically, fig. 2 shows that the proposed system is able to producing spike firing responses upon 
tKHDUULYDORIVLJQDOVZLWKLQMHFWLRQOHYHOVDVORZDVȝ:ZLWKWHPSRUDOSXOVHVRIRQO\QV
offering approximatively refractory times of just 0.5-0.6ns depending on the initial conditions. 
Finally, the use of devices operating at telecom wavelengths (1310nm) thus making this approach 
totally compatible with optical networks. 
:HKDYHDOVRLQYHVWLJDWHGWKHHIIHFWRIWKHSHUWXUEDWLRQ¶Vcharacteristics, i.e. strength (kp) and 
temporal duration (td), in the attained spiking responses. Fig. 3 plots measured temporal maps 
when td is increased from 0.5 ns to 1.95 ns (fig. 3(a)) and to 2.65 ns (fig. 3(b)) whilst keeping 
constant the value of kp = 0.25. Values for additional parameters, e.g. IBias, Kinj and ǻIpar/ort are 
given in ILJ¶Vcaption. Figs. 3(a) and 3(b) plot steps of 20 superimposed time traces for every 
case of td studied. Specifically, figs. 3(a) and 3(b) show maps when the VCSEL is subject to 
orthogonally- and parallel-polarized injection. Fig. 3(a)/(fig. 3(b)) shows that at first for td = 0.5 
ns a single spike/(a burst of two spikes) is obtained upon the perturbation¶V arrival. As td is 
increased a higher number of events are produced: two for td = 0.85 ns, three when td = 1.45 ns 
and so on. Hence, a transition from single to multiple spiking events (single to continuous 
spiking/bursting) is obtained with growing td. Such response is analogous to the tonic spiking and 
tonic bursting dynamics in neurons [35-36] characterized by the firing of consecutive spikes (or 
bursts of spikes) for the whole duration of a stimulus. 
The HIIHFWRIWKHSHUWXUEDWLRQ¶VVWUHQJWKkp was also investigated. Fig. 4 plots measured time 
traces and temporal maps for two different values of kp while keeping constant the rest of 
parameters (see caption in fig. 4 for values). The VCSEL was subject to either parallel (fig. 4(a-
b)) or orthogonally (fig. 4(c-d)) polarized injection. In both cases, for kp = 0.15 no significant 
response is obtained (see figs. 4(a) and 4(c)). However, when a perturbation of sufficient strength 
(kp = 0.25), able to bring the system out of the locking state enters the VCSEL, a single spike is 
fired after every perturbation (see figs. 4(b) and 4(d)). 
This is further illustrated in figs. 5(a) and 5(b) plotting temporal maps for increasing values of 
kp (with constant td) and with the device subject to orthogonally- and parallel-polarized injection 
respectively. Figs. 5(a) and 5(b) illustrate cases where different spiking regimes are obtained after 
D SHUWXUEDWLRQ¶V DUULYDO QDPHO\ VLQJOH VSLNLQJ DQG EXUVWLQJ )RU ORZ HQRXJK YDOXHV RI kp no 
VLJQLILFDQWFKDQJHVDUHREVHUYHGDW WKH9&6(/¶VRXWSXW ,W LVRQO\DIWHUkp exceeds a threshold 
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level (equal to kp = 0.19 and kp = 0.3 respectively for the cases of figs. 5(a) and 5(b)) a perturbation 
triggers a spiking response. Also, a reduced spike firing delay was measured as kp was increased 
[18]. Both the threshold for spiking and the different spiking delays for increasing stimuli strength 
are computational features also observed in neurons. These also respond firing spikes upon the 
arrival of stimuli of sufficient strength (remaining quiescent otherwise) [35-36] using the latency 
in spike firing to encode the stimulus strength [36]. 
We have also developed a numerical model to analyse the experimental results. The equation 
governing the evolution of the laser phase, relative to the optical injection reads as follows: ߔሶ ൌ െ ܷ݀݀ߔ ǡܷሺߔሻ ൌ  െ ?ߔ െ ܻሺݐሻඥ ? ൅ ߙଶ ሺߔ ൅ ݑሻሶ  
 
where ǻ LV WKH GHWXQLQJ EHWZHHQ WKH ODVHU HPLVVLRQ¶V IUHTXHQF\ DQG WKH RSWLFDO LQMHFWLRQ RI
DPSOLWXGH<ĮLVWKHOLQHZLGWKHQKDQFHPHQWIDFWRUDQGX DUFWDQĮ, see Eq. 2 in [17] for more 
details. For DVWHDG\YDOXHRIWKHLQMHFWLRQ¶VDPSOLWXGHWKHV\VWHPSRVVesses a single stable (and 
an unstable) equilibrium point, provided that Y  Yc, with ௖ܻ ൌ ȁ ?ȁȀ ? ? ൅ ߙଶ. In this case, the 
potential 8ĭ exhibits a minima and a maxima corresponding to these two fixed points, 
UHVSHFWLYHO\7HPSRUDU\GURSVRIGXUDWLRQ7 LQ WKH LQMHFWLRQ¶VDPSOLWXGHEHORZ Yc results in a 
PRPHQWDU\XQORFNLQJRIWKHSKDVHDQGWKHUHIRUHRIWKH9&6(/¶VHPLVVLRQIUHTXHQF\ZLWKUHspect 
to the injection field. During that interval of time, the relative phase ĭ evolves in a slanted 
µZDVKERDUG¶SRWHQWLDOZKHUH8ĭ has no minima. Here, the system SHUIRUPVSHULRGLFIDOOVRIʌ
VHHILJD:HGHQRWHWKHGXUDWLRQRIWKHVHʌVOLSVDs Ĳs. When the duration of the power drop 
in Y(t) is close to T = QĲs, the system finds again a stable fixed point after the n-th fall and will 
remain there. A spike is fired LQWKHODVHU¶VRXWSXWLQWHQVLW\I, IRUHYHU\REWDLQHGʌSKDVHVOLS 
therefore creating a temporal trace with n number of spikes (see fig. 6(b)). Such a behaviour is 
exemplified in the cases of n = 1 and n = 3 shown in figs. 6(a) and 6(b). This is the exact same 
response obtained in the experiments as seen in fig. 3. However, if the amplitude of the power drop 
is too small (below a certain threshold) WKHV\VWHPLVQRWDEOHWRSHUIRUPDʌSKDVHVOLSEHIRUH
finding again the stable fixed point and no spikes are fired. Such behaviour shown in the leftmost 
region of figs. 6(a) and 6(b) is identical to the experimental results included in figs. 4 and 5. Also, 
a similar behaviour is found if the temporal duration of the power drop is too short as compared to 
Ĳs.  
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In summary, we have reported on the achievement of controllable and reproducible spiking 
patterns in a 1310nm-VCSEL subject to different polarized optical injection (parallel and 
orthogonal). Single and multiple spiking responses are experimentally obtained in a VCSEL under 
the injection of modulated temporal signals. Furthermore, we demonstrate that controllable spiking 
patterns with desired number of spikes and total temporal pattern can be obtained by simply acting 
on the temporal length and strength of the injected time-varying signals. These results added to the 
particular advantages of VCSELs and the use of inexpensive commercially available devices 
operating at the telecom wavelength of 1310 nm offer great promise for all optical digital-to-
spiking format signal conversion and photonic spiking information processing modules for use in 
non-traditional computing and optical networks. Furthermore, very high operation speeds (sub-
ns), faster than those reported recently for other systems [7,13] are obtained for the spiking regimes 
reported in this work. Finally, the ease to integrate VCSELs in 2-Dimension arrays of devices 
offers great prospects for scalable systems. A numerical model showing good agreement with the 
experiments is also reported. Additionally, from the general theoretical model of this work we can 
infer that the observed spiking regimes are not exclusive of VCSELs but could also be obtained in 
other types of semiconductor laser sources. This versatility opens the door for further studies on 
additional laser structures (e.g. micro-ring lasers etc) allowing their integration in monolithic 
photonic circuits for the development of ultra-small neuromorphic photonic modules using spiking 
signals to process information. 
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Fig. 1 (a) Experimental Setup. (b) Spectrum of the solitary VCSEL. (c) Injected signal showing a 
perturbation (power drop). MZ=Mach-Zehnder, SG=Signal Generator, OSA=Optical Spectrum 
Analyser. 
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Fig. 2. Time series (left) and temporal maps (right) of the VCSEL under parallel (a & b) and 
orthogonally (c & d) polarized injection showing single spiking (a & c) and bursting (b & d). (Kinj, 
ǻIpar/ort, IBias, kp, td) were set equal to: (a) (115µW, -¶*+]P$QVE:-
3.5GHz, 3mA, 0.25, 0.5ns); (c) (45µW, -3GHz, 4mA, 0.25, 0.5ns) and (d) (75µW, -3.65GHz, 3mA, 
0.25, 0.5ns).  
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Fig. 3. Temporal maps measured for different values of td when the VCSEL subject to orthogonal 
(a) and parallel polarized (b) injection. (IBias, Kinj kpǻIpar/ort) were set equal to: (a) (4mA, 45µW, 
0.25, -3GHz); (b) (3mA, 115µW, 0.25, -4.65GHz). 
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Fig. 4. Time traces and temporal maps measured with the VCSEL subject to parallel (a & c) and 
orthogonal (b & d) polarized injection for two different values of kp: (a & b) kp=0.15; (c & d) 
kp=0.25. (IBias, Kinj tdǻIpar/ort) were equal to: (a & c) (4mA, 60µW, 0.65ns, -3.5GHz); (b & d) 
(4mA, 45µW, 0.5ns, -3GHz). 
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Fig. 5. Temporal maps of the VCSEL under orthogonal (a) and parallel polarized (b) injection for 
differeQWSHUWXUEDWLRQ¶Vstrength. (IBias, Kinj tdǻIort/par) were equal to: (a) (4mA, 45µW, 0.5ns, -
3GHz); (b) (3mA, 75µW, 0.5ns, -3.65GHz). 
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Fig. 6. (blue) Temporal traces for the phase ĭ (a) and the laser output intensity I (b). Amplitude 
of the injection Y » Yc (red). Numerical parameter values were set equal to: ǻ -Į Yc=0.447. 
 
